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Primary MR is characterized by an incomplete closure of the mitral valve, which permits the flow of blood across the mitral valve during systole (decreased afterload) and leads to increased end-diastolic volume (increased preload). Additionally, chronic MR is known to deleteriously impact the rotational dynamics of the LV. [2] [3] [4] There exist several measures of the rotational mechanics of LV performance, but it remains unclear which measures are best for characterizing deleterious changes in LV function. [5] [6] [7] The twisting motion of the heart arises from transmural differences in the local myofiber orientation, which is thought to minimize transmural stress gradients. 8 Hence, alterations in the twisting mechanics may be indicative of incipient worsening disease. Several measures of rotational mechanics are suggested as imaging biomarkers for LV dysfunction, 9,10 including twist, twist-per-volume, and shear angle. LV twist is the preferred nomenclature for the measurement defined as the difference in the rotation of the apex relative to that of the base of the heart. 9 A decrease in LV twist during the progression of MR has previously been evaluated with ultrasound [2] [3] [4] [5] in human subjects and implanted radiopaque markers in animal studies. 6, 7 Twist-per-volume slope normalizes for the volume of ejected blood. Therefore, a change represents a disruption of the fundamental connection between myofiber shortening and ejection. CL-shear is a measure of rotational mechanics that accounts for changes in LV ventricular dimensions, which is reported to increase with MR.
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LV rotational mechanics is a potentially valuable biomarker of LV dysfunction evaluation. Traditional analysis methods like FindTags 12 require significant user interaction time (1 hour) and the best alternatives typically require several tens of minutes, which significantly limits their clinical adoption. Fourier Analysis of STimulated Echoes (FAST) is a new Magnetic resonance imaging (MRI) tissue tagging method that has recently been shown to compare favorably with conventional estimates of LV 13 twist from cardiac tagged images, but with significantly reduced user interaction time (2-3 minutes primarily for study selection).
14 FAST was applied to grid tag images acquired from patients with moderate and severe degenerative isolated MR to evaluate LV twist, CL-shear angle, and systolic twist-pervolume slope. We hypothesized that LV systolic twist-pervolume slope would decrease with increasing severity of MR because it accounts for decreases in both rotational mechanics and increases in stroke volumes.
Materials and Methods
The local Institutional Review Board approved this study and all subjects provided written informed consent. Moderate MR patients (n 5 29) and severe MR patients (n 5 54) with degenerative isolated MR were studied with MRI. Clinicians judge categories of moderate or severe MR by color flow Doppler, LV ejection fraction (EF) of more than 55%, LV end-systolic dimension of 40 mm, echocardiographic thickening of the mitral valve leaflets, and prolapse. Healthy normal subjects (n 5 54) with no history of cardiovascular disease were studied as age-matched controls for the MR patients. MR severity was diagnosed qualitatively with echocardiography and Doppler studies and quantitatively with cine MRI. Subject demographics are summarized in Table 1 . Data from patients in the normal subject and severe MR subject groups have been presented in a previous study.
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Breath-held electrocardiogram (ECG)-triggered images were acquired for all subjects on a 1.5T scanner (Signa, GE Healthcare, Milwaukee, WI). Prospectively triggered balanced steady-state free precession (bSSFP) cine images were collected in parallel LV 13 An experienced trainee used the following criteria to select short axis slices and derive LV twist measurements: 1) the most apical slice containing the presence of the blood pool throughout the entire cardiac cycle, and 2) the most basal slice in which the LV myocardium maintained a continuous annular shape during the entire cardiac cycle were selected.
Fourier Analysis of STimulated echoes (FAST)

FAST
14 is a semiautomated and validated image processing method that only requires 2-3 minutes of user interaction time (mostly for study selection) to quantify LV rotational mechanics. FAST determines object rotation in Fourier space, where rotation in tagged MR images is easier to track. User-defined contours of the epicardium in an end-systolic cardiac frame and endocardium in an early systolic cardiac frame were used to isolate the LV myocardium. The central frequency information in Fourier space was nulled and the Fourier image was symmetrically cropped in k-space beyond the first harmonic Fourier peak to reduce computational times, then cumulative rotation of the ventricle was determined with 2D cross-correlation. 15 This series of image processing steps was applied to both the apical and basal images of the heart, and the difference between the two rotations was defined as twist. The FAST method was previously validated using line tag images in healthy volunteers. 14 Peak twist was defined as the maximum difference in degrees of rotation (/) between the apex and the base: 
The systolic twist-per-volume slope was defined as peak LV twist divided by the difference between LV end-systolic volume and end-diastolic volume.
Twist-per-volume5
Peak Twist LVESV-LVEDV (2) The circumferential-longitudinal shear-angle (CL-shear angle) was defined as 9, 16 :
where q is the epicardial radius of the apex or base in millimeters, and D is the distance between the apical and basal in millimeters. CL-shear angle is proposed as a measure of LV rotational mechanics that accounts for differences in heart size and the location of the apical and basal slices used for analysis. 17 Estimates of apical and basal epicardial radii were made from averaging the semimajor with the semiminor axes of ellipses fit to the user-defined epicardial contours. The twist rate was defined as the discrete derivative of twist with respect to time with units of degrees-per-second (deg/s). Peak twist rate was defined as the maximum twist rate. Peak untwist rate was defined as the minimum twist rate. Peak normalized untwist rate was defined as the minimum twist rate divided by peak twist as per Thompson et al. 13 During ejection the volume of the LV decreases, while twist increases, which leads to a negative systolic twist-per-volume slope. 7 Estimates of LV volumes were obtained from epicardial and endocardial contours manually traced at end-systole and end-diastole from the bSSFP images by a trainee with more than 3 years experience. Papillary muscles were included in the LV volume. The contours were then propagated to the rest of the temporal frames with a dual propagation technique. 18 LV volumes were computed by summing the areas defined by the endocardial contours in each short-axis slice multiplied by slice thickness. 18 LV mass was computed by summing the areas between endocardial and epicardial contours multiplied by slice thickness and myocardial density (1.05 g/mL). 13 
Statistical Analysis
Summary statistics of the rotational mechanics measurements were reported for each group. Analysis of variance (ANOVA) 19 was used to test for differences in peak twist, apical rotation, basal rotation, systolic twist rate, diastolic untwisting rate, systolic twist-per-volume slope, distance between apical and basal slices, and apical and basal epicardial radii between normal, moderate MR, and severe MR groups while adjusting for the covariates of age, weight, height, and gender. A similar analysis was also performed for peak CL-shear angle (due to some subject height and gender not being recorded an additional ANOVA test was performed without subject and gender as part of the sensitivity check). Additionally, a one-way ANOVA with three groups (normal, moderate MR, and severe MR) was used to assess differences in time to peak twist, peak normalized untwisting rate, endocardial radii, and the demographic values in Table 1 . Multiple comparisons (Tukey's least significant difference [LSD] procedure) were applied to each measurement to determine which groups were significantly different from each other. P < 0.05 was considered statistically significant. All statistical analyses were performed with MatLab v. 7.10 (MathWorks, Natick, MA).
Results
Patient Demographics
Patient demographics are summarized in Table 1 . Significant differences between the age, gender, height, end-systolic volume, end-diastolic volume, and LVED mass of the normal, moderate MR, and severe MR subjects were detected with a three group one-way ANOVA. No significant differences were noted in weight and heart rate with 95% confident intervals. Significant increases in end-systolic volume, end-diastolic volume, and LVED mass were expected and observed for MR patients.
Image Quality Figure 1 represents the typical tagged image quality from normal, moderate MR, and severe MR subjects at the time of peak twist for the apex and base. The peak twist, apical rotation, and basal rotation corresponding to the images are also reported in the figure. Due to T 1 relaxation tag contrast fades at middle and late diastolic phases, making the measurement of LV diastolic rotational mechanics challenging.
Temporal Resolution
The temporal resolution for normal subjects, patients with moderate MR, and patients with severe MR were 33.2 6 7.2 msec, 30.9 6 5.2 msec, and 31.6 6 5.9 msec, respectively, and are not significantly different per ANOVA.
LV Rotation LV apical and basal peak rotation measures are summarized in Table 2 . Mean peak apical rotation for normal subjects, moderate MR patients, and severe MR patients were: 7.5 6 3.6 , 5.8 6 2.7 , and 6.2 6 2.8 respectively. The ANOVA of peak apical rotation between the groups showed differences among the groups (P 5 0.004) and with respect to the covariate of age (P 5 0.005). LSD for apical rotation showed a significant difference between the normal subject group and the moderate MR patients and between the normal subject group and the severe MR patients.
The ANOVA of peak basal rotation between the groups showed differences among the groups (P 5 0.04) and with respect to age (P 5 0.004). LSD for basal rotation detected differences between the normal subject group and the severe MR patients and between the moderate MR patients and the severe MR patients.
LV Twist Analysis
LV apical and basal rotation, LV twist and twist rates, and LV twist-per-volume results are summarized in Table 2 . Figure 2 demonstrates the changes in mean LV twist for normal, moderate MR, and severe MR subjects. Figure 3 is a scatterplot that demonstrates the peak LV twist data from normal, moderate MR, and severe MR subjects.
Similar ANOVA results were observed for the mean peak LV twist, mean peak LV systolic twist rate, and mean diastolic untwisting rate, where significant differences were observed between normal subjects and MR patients. However, no significant difference was observed between moderate and severe MR patients for these measures. No significant differences were observed due to patient demographic covariates (age, weight, height, gender). Normalized peak untwisting rate and time to peak twist showed no significant difference among the three groups.
Systolic Twist-per-Volume Systolic twist-per-volume slope for normal subjects, moderate MR patients, and severe MR patients was: 20.14 6 0.05 / FIGURE 2: Population mean LV twist during the cardiac cycle for normal subjects and patients with moderate MR and severe MR. Error bars are standard error of the mean for clarity. Mean peak LV twist in normal subjects is larger compared to both patients with moderate and severe MR (P 5 0.0001). No significant difference in mean peak LV twist was observed between moderate and severe MR patients (Table 2) . mL, 20.12 6 0.04 /mL, and 20.07 6 0.03 /mL, respectively. The ANOVA of systolic twist-per-volume slope between the groups showed differences among the groups (P < 0.0001) and with respect to weight (P 5 0.006). LSD detected significant decreases between normal subjects and moderate MR patients, normal subjects and severe MR patients, and moderate MR patients and severe MR patients. These differences were not associated with patient demographic covariates (age, weight, height, gender). Figure 4 illustrates the twist-per-volume data for normal, moderate MR, and severe MR subjects.
CL-Shear Angle CL-shear angle results and the measured parameters used to estimate CL-shear are summarized in Table 3 . Mean peak CL-shear angle for normal subjects, moderate MR patients, and severe MR patients were: 5.0 6 1. 4 , 4.7 6 1.6 , 5.0 6 1.3 , respectively. Additionally, the ANOVA of peak CL-shear angle did not reveal any differences between the three groups (P 5 0.7). Figure 5 shows the CL-shear angle results for normal, moderate MR, and severe MR subjects. Figure 6 illustrates the peak CL-shear data for normal, moderate MR, and severe MR subjects.
In order to investigate the underlying reason that CLshear angle measures were similar across the groups, the individual measures used to evaluate CL-shear angle were investigated (Table 3) . LSD showed significant increases between the normal subject group and the severe MR patients and between the moderate MR patients and the severe MR patients for the apical and basal radii. LSD did not detect significant differences between any pairwise comparison of normal subjects, moderate MR patients, and severe MR patients for the distance between apical and basal slices.
A Hedges' effect size test comparing healthy subjects and patients with moderate MR shows peak twist-per- 25). The comparison shows that peak twist-pervolume slop has the largest effect size and thus higher discrimination power to detect differences between groups.
Discussion
LV twist was shown to decrease significantly in patients with moderate or severe MR. In moderate MR patients this decrease was primarily due to a significant decrease in apical twist, while in patients with severe MR there was a significant reduction in both basal and apical rotations. Ennis et al 7 studied chronic "pure" MR in sheep using implanted radiopaque markers and demonstrated a significant decrease in both LV twist and in twist-per-volume slope. Additionally, Tibayan et al 6 studied the evolution from acute to chronic MR in dogs using videofluroscopy and radiopaque markers and also observed a decrease in twist after 3 months of chronic MR. Borg et al 5 used speckle tracking echocardiography in patients with chronic primary MR to illustrate that the onset of LV untwist was delayed and untwisting rate was reduced in patients with MR. They did not observe significant differences in LV twist when compared to normal subjects and instead proposed the use of a twist-per-volume slope between peak twist and mitral valve opening, which showed a significant decrease in patients with MR. The expected decrease in peak twist paired with the increase in LV volume seen in patients with MR could make the twistper-volume slope particularly insightful for evaluating the severity of dysfunction. Reduction in LV twist in patients with MR is consistent with previous reports. 4, 7, 20 The decrease in apical rotation may be due to spherical remodeling of the mid-ventricular and apical LV. 11 There were not, however, significant differences in peak LV twist between moderate and severe MR subjects, therefore peak LV twist does not correlate with the severity or progression of MR in this patient cohort. Both moderate and severe MR were associated with significant decreases in the peak untwisting rate, which are consistent with the previous literature. 5 However, tag fading occurs around 500 msec into the cardiac cycle, which makes measuring peak untwisting rate with the temporal resolution of this study challenging. Peak LV CL-shear angle appeared to pseudo-normalize in patients with MR. The formula for CL-shear angle depends on several factors. The pseudo-normalization of CL-shear angle in moderate and severe MR can be explained by the significant increase in the apical and basal epicardial radii in conjunction with the significant decrease in apical rotation in MR patients compared with normal subjects. The increase in apical and basal epicardial and endocardial radii in the MR patient groups were consistent with the spherical global remodeling previously demonstrated by Schiros et al. 11 The severe MR patients also had a significant decrease in basal rotation, which further pseudo-normalizes CL-shear angle compared to moderate MR and normal subjects. Additionally, the pseudonormalization did not occur just for peak CL-shear angle, but was apparent throughout the cardiac cycle (Fig. 5) .
In another study, CL-shear pseudo-normalizes with increasing age as a consequence of decreasing twist and increasing ventricular volumes. 21 CL-shear angle may not be a suitable imaging biomarker for the detection of LV dysfunction.
For patients with MR, the pseudo-normalization obscured the presence of LV dysfunction and led to no significant difference between the normal subjects and the MR patients. CL-shear angle may not be a suitable imaging biomarker for the detection of LV dysfunction in patients with MR, since the measure pseudo-normalizes as a consequence of pathologically increased LV volumes.
We also calculated the torsion-to-shortening ratio (TSR) 22 for a subset of 20 normal subjects, 20 patients with moderate MR, and 20 patients with severe MR. TSR was unchanged across groups due to a decrease in torsion and a decrease in shortening. A significant decrease in the systolic twist-per-volume slope was detected for all pairwise comparisons of the subject groups (severe MR being the smallest), which is consistent with the literature. 7 Importantly, twist-per-volume slope was the only measure of rotational mechanics that distinguished all three groups. The changes indicate that LV FIGURE 6: Peak LV CL-shear angle for normal subjects, moderate MR subjects, and severe MR subjects. The "X" represents the mean peak CL-shear angle and the error bars represent the associated standard deviation of the mean. All pairwise comparisons of peak CL-shear angle for normal, moderate MR, and severe MR were considered not significant.
stroke volume increases with respect to MR severity, while twist decreases. This may indicate an energetically unfavorable ejection pattern and lead to exacerbation of the underlying disease. 8 
Limitations
Patients and healthy subjects showed some differences in demographics, hence we cannot exclude that this influenced the observed changes in LV 23 rotational mechanics. All studies were performed with a 1.5T MR scanner, therefore diastolic rotational information was limited due to tag fading. Performing imaging with a 3T MR scanner or using a complementary tagging pattern could improve diastolic estimates. In future studies, the temporal resolution could be improved in order to refine estimates of diastolic rotational mechanics, but this can be difficult to achieve in patients with limited breath-hold capacity.
The FAST method has previously been validated using line tags, whereas grid tags were used for the reported study. Careful validation of FAST for grid tags is still needed, but as all subjects were imaged with grid tags and analyzed with the same FAST processing method, the comparison between groups is expected to be fair.
In conclusion, the results of this study have shown that systolic twist-per-volume slope was significantly decreased for moderate MR subjects and further decreased for severe MR subjects. Peak LV twist decreases similarly in patients with either moderate or severe MR compared with normal subjects. Therefore, peak systolic twist-per-volume slope may serve as quantitative imaging biomarkers for LV dysfunction in patients with MR.
